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A Little Bit About Me ...

 Education

— Ph.D., Computer Science
U. lllinois at Urbana-Champaign, 1996

* Professional

— Current Appointments

" Professor and Elizabeth & James Turner Fellow; Departments of Computer
Science, Electrical & Computer Engineering, and Health Sciences; Virginia Tech

= Director, SYNeRG? Laboratory (http://synergy.cs.vt.edu/) > SEEC Center
* Founder,The Green500 (http://www.green500.org/)

= Adjunct Faculty,Virginia Bioinformatics Institute,Virginia Tech
— Previous Appointments & Professional Stints

= Academia: The Ohio State U. ("00-’03), Purdue U. (’98-00), U. of lllinois at
Urbana-Champaign ('96-'98).

" Government: Los Alamos Nat’l Lab ('98-'06), NASA Ames Research Ctr ('93)
" Industry: I1BMT.J.Watson Rsch (’90),Vosaic ('97), Orion Multisystems (’04-’05)
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A Little Bit About My Research ...

* Basic and applied research in efficient parallel and distributed
computing (in the small and the large) via the synergistic co-
design of hardware, software, and algorithms

— Enable scientists and engineers to concentrate
on their science and engineering rather than
on the computer science and engineering.

Commoditization and

Ease of Use
Algorithms A Software
216x 4x
88x D.omain VT
Hardware Sciences, Parallel
Engineering, .
http://www.youtube.com/watch?v=zPBFenYg2Zk Commerce Computing
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japanese[‘Computnik’]Earth Simulator
Shatters U.S. Supercomputer Hegemony

Tokyo 20 April 2002 The Japanese Earth Simulator is on-
line and producing results that alarm the USA, that
considered itself as being leading in supercomputing
technology. With over 35 Tflop/s, it five times outperforms
the Asci White supercomputer that is leading the current
TOP500 list. No doubt that position is for the Earth
Simulator, not only for the next list, but probably even for
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Importance of High-Performance Computing (HPC)

Competitive Risk From Not Having Access to HPC

m Could exist and compete

3%

B Could not exist as a business

O Could not compete on quality &
testing issues

@ Could not compete on time to market
& cost

Data from Council of Competitiveness.
Sponsored Survey Conducted by IDC

Only 3% of companies could exist and

compete without HPC.

+ 200+ participating companies, including
many Fortune 500 (Proctor & Gamble and
biological and chemical companies)
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Ehe New York Times Business Day

Technology C ik 2.0?
WORLD US. NY./REGION BUSINESS TECHNOLOGY SCIENCE HEALTH OmPUtnI ( . °
Search Technology Inside Technology

SR Tianhe-1A: Computnik Revisited?

China Wrests Supercomputer Title From
U.S.

By ASHLEE VANCE

Published: October 28, 2010

A Chinese scientific research center has built the RECOMMEND
fastest supercomputer ever made, replacing the ¥ TWITTER
United States as maker of the swiftest machine, ——

* The Second Coming of Computnik? Computnik 2.0?
— No ... “only” 43% faster than the previous #1 supercomputer, but
- S20M cheaper than the previous #1 supercomputer
- 42% less power consumption

* The Second Coming of the “Beowulf Cluster” for HPC
— The further commoditization of HPC
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The First Coming of the “Beowulf Cluster”

 Utilize commodity PCs (with commodity L
CPUs) to build a supercomputer e i
The Second Coming of =

the “Beowulf Cluster”

* Utilize commodity PCs (with commodity
CPUs) to build a supercomputer

+

* Utilize commodity graphics processing >
units (GPUs) to build a supercomputer ‘ g

Issue: Extracting performance with programming ease and portability = productivity
In other words, can we achieve “Performance + Programmability + Portability = Productivity?”
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CPU Computing GPU Computing

(General Purpose) (Specialized)

CPU + GPU = Left Brain + Right Brain

Heterogeneous Parallel Computing
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“Holy Grail” Vision

* Ecosystem for the New HPC: Heterogeneous Parallel Computing

Highest-ranked commodity supercomputer
in U.S. on the Green500 (11/11)

— Enabling software that tunes parameters of hardware devices
... with respect to performance, programmability, and portability

... via a benchmark suite of dwarfs (i.e., motifs) and mini-apps
CHRECGC

NSF Center for High-Performance
Reconfigurable Computing
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Science & Engineering Principles
Design of
Com posite Math Algorithms: Verification,
Solvers, Optimization, ascaie
Structures Model Reduction, V:’Iidationi, and
Dynamic Multi- ncertainty
Precision Support Quantification
Design & Compile Time
.. i » : : . . ! -
- : - | ] - = . - L - - - B
SOftware JD = >
Ecosystem

Affinity Cost § Task Scheduling

Models System

- L
8.

Heterogeneous Parallel Computing (HPC) Platform
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\ntra-Node

An Ecosystem for Heterogeneous Parallel Computing

Sequence Molecular Earthquake Neuro- CFD for
Alignment Dynamics Modeling informatics Mini-Drones

. .
' .
2 : EIIEKERSTKCIVEITRE
: SRTENCKN B
¢ . Fyrip- sir
: Eagive ViRE
c s st
S '
TA : g EC
g : ) Txbec
y N : me - St
: LUENACRNED
C P L eNyCRNPd

Design & Compile Time

Source-to-Source
Computational & Translation &
Communication Optimization
Patterns: 13 Dwarfs Framework Architecture-Aware
Software Optimizations

Ecosystem
Run Time

Performance &
Power Models

Affinity Cost Task Scheduling
Models ’ System

W

Heterogeneous Parallel Computing (HPC) Platform
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\ntra-Node

An Ecosystem for Heterogeneous Parallel Computing

Sequence Molecular Earthquake Neuro- CFD for
Alignment Dynamics Modeling informatics Mini-Drones
Applications - x5
G:“Y?G:v g \\
Source-to-Source
Tunmalatlamw O

Software ... and then our inter-node ecosystem,
Ecosystem along with application to BIG DATA

(e.g., StreamMR)

Heterogeneous Parallel Computing (HPC) Platform
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Productivity = Performance + Programmability + Portability

Roadmap

Goal: Minimize the re-writing of code, e.g., CFD for mini-drones.
CUDA - OpenCL and OpenMP = OpenACC

Design & Compile Time \

Affinity Cost § Task Scheduling

Models System
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Programming GPUs

CUDA <A NVIDIA.
* NVIDIA’s proprietary framework

OpenCL

* Open standard for heterogeneous parallel computing
(Khronos Group)

 Vendor-neutral environment for CPUs, GPUs,
APUs, and even FPGAs
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CUDA-Accelerated Applications

GOVERNMENT & DEFENSE

lkena: Imagery Analysis and Video Forensics
Signal Processing Library: GPU VSIPL

IDL and MATLAB® Acceleration: GPULib
GIS: Manifold

MOLECULAR DYNAMICS, COMPUTATIONAL
CHEMISTRY

OpenMM library for molecular dynamics on GPUs
GROMACS using OpenMM

NAMD molecular dynamics

VMD visualization of molecular dynamics

HOOMD molecular dynamics

Acellera: ACEMD bio-molecular dynamics package
BigDFT: DFT (Density functional theory) electronic
structure

MDGPU

GPUGrid.net

LIFE SCIENCES, BIO-INFORMATICS

GPU HMMER

DNA Sequence alignment: MUMmerGPU
LISSOM: model of human neocortex using CUDA
Silicon Informatics: AutoDock

ELECTRODYNAMICS AND ELECTROMAGNETIC
Acceleware: FDTD Solver

Acceleware: EM Solutions

Remcom XStream FDTD

SPEAG Semcad X

CST Microwave Studio

Quantum electrodynamics library
GPMAD : Particle beam dynamics simulator

MEDICAL IMAGING, CT, MRI

RealityServer

GPULIb:IDL acceleration

Acceleware: Imaging Solutions

Digisens: SnapCT tomographic reconstruction software
Techniscan:Whole Breast Ultrasound Imaging System

OIL & GAS
Acceleware: Kirchoff and Reverse Time Migration

GPULib: mathematical functions for IDL and MATLAB
Integrating Simulink with CUDA using S-functions
Enabling GPU Computing in the R Statistical Environment
Mathematica plug-in for CUDA

National Instruments LabView for NVIDIA GPUs

ELECTRONIC DESIGN AUTOMATION
Agilent EESof: ADS SPICE simulator

Synopsys: Sentaraus TCAD

Gauda: Optical proximity correction (OPC)

SeismicCity: 3D seismic imaging for prestack depth migrationWEATHER AND OCEAN MODELING

OpenGeoSolutions: Spectral decomposition and inversion
Mercury Computer systems: 3D data visualization

ffA: 3D Seismic processing software

Headwave: Prestack data processing

FINANCIAL COMPUTING AND OPTIONS
PRICING

SciComp: derivatives pricing

Hanweck: options pricing

Exegy: Risk Analysis

Aqumin: 3D Visualization of market data

Level 3 Finance

OnEye (Australia): Accelerated Trading Solutions
Arbitragis Trading

MATLAB, LABVIEW, MATHEMATICA,R
CUDA Acceleration for MATLAB
Accelereyes: Jacket™ engine for MATLAB

See: http://www.nvidia.com/object/cuda_app_tesla.html

T VirginiaTech
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CUDA-accelerated WRF code

VIDEO, IMAGING,AND VISION APPLICATIONS
Axxon Intellect Enterprise Video Surveillance Software
Pflow CUDA Plugin for Autodesk 3ds Max

RUINS Shatter CUDA Plug-in for Maya

Bullet 3D Multi-Physics Library with CUDA Support
CUDA Voxel Rendering Engine

Furryball: Direct3D GPU Rendering Plugin for Maya

SyNeRG?

synergy.cs.vt.edu



OpenCL: Write Once, Run Anywhere

OpenCL Program CUDA Program

OpenCL-supported CPUs, GPUs, FPGAs NVIDIA GPUs
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CU2CL:
CUDA-to-OpenCL Source-to-Source Translator?

* Works as a Clang plug-in to leverage its production-quality
compiler framework

— Update: Works as a standalone app!

* Covers primary CUDA constructs found in CUDA C and
CUDA run-time API.

* Delivers performance portability when OpenCL |.2-equivalent
CUDA code run on same NVIDIA GPU.

* Focuses on functional portability ... for now.

T“CUZCL:A CUDA-to-OpenCL Translator for Multi- and Many-core Architectures,’
| 7t IEEE Int’l Conf. on Parallel & Distributed Systems (ICPADS), Dec. 201 1.
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Why CU2CL?
Much larger # of apps implemented in CUDA than in OpenCL

— ldea

* Leverage scientists’ investment in CUDA to drive OpenCL adoption

— Issues (from the perspective of domain scientists)

" Writing from Scratch: Learning Curve
(OpenClL is too low-level an APl compared to CUDA. CUDA also low level.)

" Porting from CUDA: Tedious and Error-Prone

Significant demand from major stakeholders (and Apple ...)

Why Not CU2CL?

Just start with OpenCL?!
CU2CL only does source-to-source translation at present

- Functional (code) portability? Yes.
- Performance portability? Mostly no.
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Programmability & Portability vs. Performance

BRI o .

void MatMul(float* M, float* N,
float* P, int W) {
for (int i=0;i<W; ++i)
for (int j=0; j<W; ++j) {
for (int k=0; k<W; ++k) {
P[i*WHj] += M[i*W+k]*
N[K*WHj];

void MatMul(float * restrict M,
float * restrict N,
float* restrict P, int W) {
inti,j, k ;
#pragma acc kernels
copyout(P[0:(W*W)]),

copyin(M[0: (W*W)],N[0:(W*W)])

for (i=0; i<W; i++){
for (7=0;j<W;j++) {
for (k=0; k<W; k++)
PLIHWHH]+=M[FW+k]*

N[K*WH] ;

float *d_M, *d_N, *d_P;

int matrix_size=Width*Width*sizeof(float);

cudaMalloc(&d_M, matrix_size);

cudaMemcpy(d_M, M, matrix_size,
cudaMemcpyHostToDevice);

cudaMalloc(&d_N, matrix_size);

cudaMemcpy(d_N, N, matrix_size,
cudaMemcpyHostToDevice);

cudaMalloc(&d_P, matrix_size);

dim3 dimGrid(l,1);

dim3 dimBlock(Width,Width);

MatMul<<<dimGrid, dimBlock>>>(d_M, d_

N, d_P,Width);

cudaMemcpy(Pd_Pmatrix_size,
cudaMemcpyDeviceToHost);

cudaFree(d_P);

cudaFree(d_M);

cudaFree(d_N);

__global__

void MatMul(float* d_M,
float* d_N,
float* d_P,
intW) {

int row = threadldx.y;

int col = threadldx.x;

float P_val = 0;

for (int k = 0;k <W; ++k) {
float M = d_M[row *W+ k];
float N = d_N[k *W+ col];
P_val += M*N;

}
d_p[row*W+col] = P_val;
}

+Code containsparts adipted rom cede orignaly writen by Tim Macson

st char *) gkernelsource, NULL, &err);

o);
gram(program, 0, NULL, NULL, NULL NULL);

}
| ClrWia=alue

Most Programmable Least Programmable
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CU2CL Translation and Performance

Libraries Used

CUDA § Clang |
“Hles. Framework Lex,
| AST AST Rewrite
v OpenCL T
) , Hpst
Cla ng Traverse Identify Rewrite Files
i AST * =3
Driver e
—
* Abstract Syntax Tree C U 2 C L OE:?:Q'] f
§ Compute Unified Device Architecture Files
T Open Computing Language

* Automatically translated OpenCL codes (via CU2CL) yield
similar execution times to manually translated OpenCL codes
(when running on the same device)
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Application CUDA Lines | Lines Manually % Auto-
Changed Translated
. [ | bandwidthTest 89| 5 99
> BlackScholes 347 |4 96
é( B matrixMul 351 9 97
> _ | vectorAdd 147 0 100
(| Back Propagation 313 24 92
:E Hotspot 328 2 99
E < Needleman-Wunsch 430 3 99
. | SRAD 541 0 100
Delaware | Fen Zi: Molecular Dynamics 17,768 1,796 90
VT GEM: Molecular Modeling 524 |5 97
AMD | IZ PS: Neural Network 8,402 |66 98
@ VirginiaTech ©W.Feng, 2011-2015 SgNeRQ
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Evaluating & Enhancing Productivity with CU2CL
* Binary: CU2CL v0.7.0b (May 2015)

— Major revision — Multi-file Translation Support

See Github and

— Overhauled invocation — “One-shot’ translation of all files

cUpA
File

Old Version

Ccucd Ccucd Ccuc)d

CU-D;J
File

CUD;J
File

One launch per source file

==

New Version
<

CUDA CUDA CUDA
File File File

One launch per project

http://chrec.cs.vt.edu/

— Overhauled OpenCL generation — Intelligent merging and de-duplication

Old Version

New Version

CUDA CUDA
File File

CUDA
File

CUDA
File

[ Rewriter ]

[ Rewriter ]

OpenCL q X OpenCL
FiIe OpFe_InCL FiIe
R ile
S

Conflicts with shared headers!

T VirginiaTech

Invent the Future

—

» Source: CU2CL v0.6.2b (May 2015)

OpenCL| OpenCL OpenCL|
File File File

Each output only senerated once!

©W.Feng,2011-2015
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Productivity = Performance + Programmability + Portability

9 Road map What about
G performance portability?
IEEE ICPADS ’I |
P2S2°12
J. Parallel Computing ’13 \
’ Source-to-Source

Translation &
Optimization

Communication
Patterns: 13 Dwarfs Framework Architecture-Aware
— Optimizations

Computational &

Run Time

Performance &

Task Scheduling Power Models

System

Affinity Cost

Models

/

* G.Martinez, M. Gardner, W. Feng,“CU2CL: A CUDA-to-OpenCL Translator for Multi- and Many-core Architectures,” | 7t IEEE

Int’l Conf. on Parallel & Distributed Systems (ICPADS), Dec. 201 I.
* P Sathre, M. Gardner,W. Feng, “Lost in Translation: Challenges in Automating CUDA-to-OpenCL Translation,” 5% Int’| Workshop

———>  on Parallel Programming Models and Systems Software for High-End Computing (P252), September 2012.
* M. Gardner, P. Sathre,W. Feng, and G. Martinez,“Characterizing the Challenges and Evaluating the Efficacy of a CUDA-to-

OpenCL Translator;” Journal of Parallel Computing, 39(12): 769-786, December 2013.
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Productivity = Performance + Programmability + Portability

Roadmap
|

=]

Design & Compile Time

Source-to-Source

Computational & Translation &
Communication Optimization

Patterns: 13 Dwarfs Framework

Run Time

Affinity Cost § TaskScheduling
Models System

I
l Architecture-Aware

Optimizations

Performance &
Power Models

Y
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Computational Units Not Created Equal

e “AMD CPU # Intel CPU” and “AMD GPU # NVIDIA GPU”
* Initial performance of a CUDA-optimized N-body dwarf

3000 5708

L 400 328 318 4 NVIDIAGPU £+ AMD GPU
S B 300 - 3 0 f
35 224 =32% 2250
g- § 200 §
® % 100 - & 1500
a g 3
N e 0 w =

= NVIDIA NVIDIA AMD 5870 750

GTX280 Tesla Fermi
C2050

Performance of a Molecular Modeling App_ Ja?wuary—oa April-04  March-06 May-07 June-08  March-10

Release Month-Year

M \/j N1 . Feng, - s NeRQ
P VIrglnlaTECh Los Air\r:\cl)sFNagticz)glll Li(l)xl)iatory syrg rgy.cs.vt.edu
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Basic Execution & Architecture-Unaware Execution

400

W
o
o

224
192 |

163

Speedup over hand-tuned SSE
S S
o o

0 _
Basic Architecture unaware
M NVIDIA GTX280 & AMD 5870
IMV\/iroini ©W. Feng, 2011-2015 SyYNeRG?
WVlrglnlaTECh Los Alamos Nagtional Laboratory syngrgy.cs.vt.edu

Invent the Future



Optimization for N-body Molecular Modeling

* Optimization techniques on - Isoldted 31
AMD GPUs R
— Removing conditions = kernel g PR EE
splitting ‘%1-? . -3 1244 (12 12 14
— Local staging 05 1 IIII
— Using vector types e zle 3)z s s 2 =z gz
— Using image memory == = =
 Speedup over basic OpenCL # Combine g
GPU implementation 5
— Isolated optimizations E.’jg '
— Combined optimizations * ]

MT: Max Threads; KS: Kernel Splitting; RA: Register Accumulator; oo -

RP: Register Preloading; LM: Local Memory; IM: Image Memory; '% § <§( <§ i; § §

LU{2,4}: Loop Unrolling{2x,4x}; VASM{2,4}. Vectorized Access & 2 * E ?; E 35, ,'-Jf

Scalar Math{float2, float4}; VAVM{2,4}: Vectorized Access & Vector =T 35) * 2

Math{float2, float4} X ¢

@ VirginiaTech ©W. Feng, 2011-2015 SgNeRQ
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Summary: Architecture-Aware Optimization

400

300

200

Speedup over hand-tuned SSE

With only software
6 hours - 58 seq

371

2 changes:
conds

224

163

Basic

12%

Architecture unaware Architecture aware

W NVIDIA GTX280 & AMD 5870
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Architecture-Aware Optimizations

... for an N-Body Code (GEM)

Optimization Strategy AMD | NVIDIA

Algorithm Design: ... on AMD Radeon 5870 GPU
Recomputing instead of Transferring +++++ | +++++ and on NVIDIA GTX 280 GPU
Using Host Asynchronously + +

Execution Configuration:

Running Numerous Threads dedftt |

Ensuring #Threads to be a multiple of Wavefront/Warp Size | + ++++ | +++++

Ensuring #Workgroups/Blocks to be a multiple of #Cores +4++++ +4++4++

Reducing Per-Thread Register Usage + 44 +4+4+4++

Control Flow:

Removing Branches +++ +

Removing Divergent Branches +4+4+4+4+ | ++++4+

Memory Types:

Using Registers +++++ 4+ 4+ +

Using Local /Shared Memory +4++4+4+ +++4++

Using Constant Memory +++ + 4+ +

Using Image/Texture Memory +++++ +

Memory Access Pattern:

Coalescing Global Memory Accesses +4+4+4+4+ | +4++++

Avoiding Partition Camping + -+ +4++++ For additional details, see

Avoiding Bank Conflicts FH+++ | M. Daga*, T. Scogland*, and W. Feng,
Instruction Count: “Architecture-Aware Mapping and
Using Vector Types and Operations +++++ 4 Optimization on a 1600-Core GPU,”
Prefetching of Data from Global Memory 4 44+ | 7t IEEE Int’l Conf. on Parallel and

Loop Unrolling +++++ |+ + Distributed Systems (ICPADS), Dec.2011.

SyNeRG?

synergy.cs.vt.edu
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Critique: Architecture-Aware Optimizations

* Architecture
— The Good: Two similar-generation GPUs are compared.
— The Bad: The architectures are relatively old (circa 2008-2009).

The architectures served the purpose of demonstrating the importance
of architecture-aware optimizations.

e Workload

— The Good: A real application code (i.e., GEM — an n-body molecular
modeling code) is optimized

— The Bad: Only one application code is optimized.
What would be the impact of the architecture-aware optimizations be on
other application workloads?

* Manual Optimization = Automatic Optimization

@ VirginiaTech ©W.Feng, 2011-2015 SgNeRQ
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Critique: Architecture-Aware Optimizations

e Architecture Address first two now ...

— The Good: Two similar-generation GPUs are compared.
— The Bad: The architectures are relatively old (circa 2008-2009).

The architectures served the purpose of demonstrating the importance
of architecture-aware optimizations.

* Workload

— The Good: A real application code (i.e., GEM — an n-body molecular
modeling code) is optimized

— The Bad: Only one application code is optimized.
What would be the impact of the architecture-aware optimizations be on
other application workloads?

* Manual Optimization = Automatic Optimization
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FFT: Fast Fourier Transform

* A spectral method that is
a critical building block
across many disciplines
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Peak Specifications of GPU Cards

Device Cores Peak Global Memory | Register Size | LDS Size Core Memory | Max TDP
Performance Bandwidth per CU per CU Clock Clock
(GFLOPS) (GB/s) (kB) (kB) (MHz) (MHz) (Watts)
Radeon HD 6970 GPU 1536 2703 176 256 32 880 1375 250
Radeon HD 7970 GPU 2048 3788 264 256 64 925 1375 250
Tesla C2075 GPU 448 1288 144 32 48 1147 1666 225
Tesla K20c GPU 2496 4106 208 64 48 705 2600 225
1l VirginiaTech ©W. Feng, 2011-2015 SgNeRQ
& Los Alamos National Laboratory synergy.cs.vt.edu
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Peak SP Performance & Peak Memory Bandwidth

& 4000 - -300 p
Q. B GFLOPS (Peak) Q
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é 1000 [~ e %
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Summary of Optimizations

|  Codename || Name | Description |
LM-CT Local Memory (Computation, | Data elements are loaded into local memory for computation. The communication step is avoided
No Transpose) by algorithm reorganization [8].
LM-CC Local Memory (Computation | All data elements are preloaded into local memory. Computation is performed in local memory,
and Communication) while registers are used for scratchpad communication.
LM-CM Local Memory Data elements are loaded into local memory only for communication. Threads swap data elements
(Communication Only) solely in local memory. This optimization requires only N X sz(float) local memory
by transposing each dimension of a floatn vector one dimension at a time.
CM-{K,L} Constant Memory The twiddle multiplication stage can be pre-computed on the host and stored in constant memory
{Kernel, Literal} for fast look up. This saves two transcendental single-precision operations at the cost of a cached
memory access. CM-K refers to the usage of constant memory as a kernel argument,
while CM-L refers to a static global declaration in the OpenCL kernel.
RP Register Preloading All data elements are first preloaded onto the register file of the respective GPU. Computation is
facilitated solely on registers.
CGAP Coalesced Global Threads in a wavefront access memory contiguously, e.g. the kth thread accesses
Access Pattern memory element, k.
CSE Common Subexpression A traditional optimization that collapses identical expressions in order to save computation.
Elimination This optimization may increase register live time, therefore, increasing register pressure.
IL (Function) Inlining A function’s code body is inserted in place of a function call. It is used primarily for functions
that are frequently called.
LU Loop Unrolling A loop is explicitly rewritten as an identical sequence of statements without the overhead of
loop variable comparisons.
VASM{2,4,8,16} Vector Access, Scalar Math Data elements are loaded as the listed vector type.
float{2,4,8,16} Arithmetic operations are scalar (float x float).
VAVM{2,4,8,16} Vector Access, Vector Math Data elements are loaded as the listed vector type.
float{2,4,8,16} The arithmetic operations are vectorized with the sizes listed, (floatn x floatn).
SHFL Shuffie The transpose stage in FFT is performed entirely in registers eliminating the use of local memory.
This optimization is only specific to NVIDIA Tesla K20c

T VirginiaTech

Invent the Future
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Optimizations

* RP: Register Preloading
— All data elements are first preloaded into the register file before use.
— Computation facilitated solely on registers

 LM-CM: Local Memory (Communication Only)
— Data elements are loaded into local memory only for communication
— Threads swap data elements solely in local memory

e CGAP: Coalesced Global Access Pattern

— Threads access memory contiguously

* VASM{2|4}: Vector Access, Scalar Math, float{2|4}

— Data elements are loaded as the listed vector type.
— Arithmetic operations are scalar (float x float).

* CM-K: Constant Memory for Kernel Arguments

— The twiddle multiplication state of FFT is precomputed on the CPU
and stored in GPU constant memory for fast look-up.

@ VirginjaTech ©W.Feng, 2011-2015 SgNeRG
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Architecture-Optimized FFT

Device Sample Size Baseline Optimal Speedup | Speedup over Optimal Set
(GFLOPS) | (GFLOPS) FFTW
16 36
Intel i5-2400 (FFTW) 64 43
256 48
16 12 174 14.5x 4.8x RP + LM-CM + CGAP + VASM4 + CM-K
Radeon HD 6970 64 14 257 18.4x 6.0x RP + LM-CM + CGAP + VASM4 + CM-K
256 11 346 31.5x 7.2x RP + LM-CM + CGAP + VASM2 + CM-K
16 36 240 6.7x 6.7x RP + LM-CM + CGAP + VASM4 + CM-K
Radeon HD 7970 64 23 366 15.9x 8.5x RP + LM-CM + CGAP + VASM2 + CM-K
256 24 437 18.2x 9.1x RP + LM-CM + CGAP + VASM2 + CM-K
16 37 139 3.7x 3.9x RP + LM-CM + CGAP + VASM2 + CM-K
Tesla C2075 64 69 200 2.9x 4.7x RP + LM-CM + CGAP + VASM4 + CM-K
256 60 177 3.0x 3.7x RP + LM-CM + CGAP + VASM2 + CM-K
16 54 183 3.4x 5.1x RP + LM-CM + CGAP + VASM2 + CM-K
Tesla K20c 64 99 265 2.7x 6.2x RP + LM-CM + CGAP + VASM4 + CM-K
256 95 280 2.9x 5.8x RP + LM-CM + CGAP + VASM2 + CM-
» » ’ @
@ Vu‘glnlaTech ©W. Feng, 2011-2015 SgNeRG
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Architecture-Optimized FFT
(Batched, Single Precision, |-D, |6-pt)

250 - Intel i5-2400 (CPU) 226 240
200 - - NVIDIA Tesla C2075 (GPU) 184
AMD Radeon HD 7970 (GPU)
V)
% 150 139
—1 111
5 100 2
50
O | | |
FFTW AppleFFT CUFFT Ours AppleFFT AMD APPFFT  Ours
M VirginiaTech SyNeRG?

Invent the Future
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Multi-GPU Scaling

* Near-linear performance scaling using multiple GPUs.

— Domain decomposition, with each domain partition residing on one GPU for
duration of simulation (only ghost cells had to be exchanged on each iteration).

— One control CPU thread per GPU.
— PGI 4.1 compiler can generate code for AMD GPUs in addition to NVIDIA.

250
Two AMD GPUs from AMD Radeon 7990
vs. four NVIDIA C207O GPUs
~ 200
(7]
o.
g
L 150 H NVIDIA
&)
< c2070
S
=
£ 100 B NVIDIA k20x
£
0. 50 -
j AMD 7990
0 |
Number of GPU
ﬂ]ﬂﬂvlrglnlaTech HMDEOW. Feng, ie'm 12015 SgNeRG

Invent the Future Los Alamos National Laboratory synergy.cs.vt.edu
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Productivity = Performance + Programmability + Portability

Architecture-Aware
. Optimizations

14

* R.Anandakrishnan,T. Scogland,A. Fenley, ]. Gordon,W. Feng, A. Onufriev, “Accelerating Electrostatic Surface Potential
Calculation with Multiscale Approximation on Graphics Processing Units,” |. Molecular Graphics and Modelling, 28(8):
904-910, June 2010.

*  W.Feng,Y. Cao, D. Patnaik, N. Ramakrishnan, “Temporal Data Mining for Neuroscience” in GPU Computing Gems,
Elsevier/Morgan-Kaufmann, Feb. 201 I.

* M. Daga,T. Scogland, W. Feng, “Towards Accelerating Molecular Modeling via Multi-Scale Approximation on a GPU,”
IEEE Int’l Conf. on Computational Advances in Bio and Medical Sciences (ICCABS), Feb.201 I.

* M. Daga,A. Aji,W. Feng,“On the Efficacy of a Fused CPU+GPU Processor for Parallel Computing,” Symp. on Application
Accelerators in High-Performance Computing (SAAHPC), Jul. 201 I.

* M. Elteir, H. Lin, and W. Feng, “Performance Characterization and Optimization of Atomic Operations on AMD GPUs,”
IEEE Cluster, Sept, 201 1.

* M. Daga,T. Scogland, W. Feng, “Architecture-Aware Mapping and Optimization on a 1600-Core GPU,” IEEE Int’| Conf. on
Parallel and Distributed Systems (ICPADS), Dec.201 1.

* M. Daga and W. Feng, “Multi-Dimensional Characterization of Electrostatic Surface Potential Computation on Graphics
Processors,” BMC Bioinformatics, 13(Suppl 5):54,Apr.2012.

* FEJi,A.Aji,]. Dinan, D. Buntinas, P. Balaji, R. Thakur,WV. Feng, X. Ma, “DMA-Assisted, Intranode Communication in GPU-
Accelerated Systems,” IEEE International Conference on High-Performance Computing and Communications, Jun. 2012.

e C.del Mundo,V.Adhinarayanan,W. Feng, “Accelerating FFT for Wideband Channelization.” IEEE ICC’l 3, Jun. 201 3.

* C.del Mundo,W. Feng.“Enabling Efficient Intra-VWarp Communication for Fourier Transforms in a Many-Core
Architecture”, SC| /3, Nov. 201 3.

* C.del Mundo,W. Feng.“Towards a Performance-Portable FFT Library for Heterogeneous Computing,” ACM Computing
Frontiers, May 2014.

@ VirginiaTech ©W.Feng, 2011-2015 SgNeRQ
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Critique: Architecture-Aware Optimizations

* Architecture
— The Good: Two similar-generation GPUs are compared.
— The Bad: The architectures are relatively old (circa 2008-2009).

The architectures served the purpose of demonstrating the importance
of architecture-aware optimizations.

* Workload

— The Good: A real application code (i.e., GEM — an n-body molecular
modeling code) is optimized

— The Bad: Only one application code is optimized.
What would be the impact of the architecture-aware optimizations be on
other application workloads!?

* Manual Optimization = Automatic Optimization

Still to do ...
@Virgjnia’rech ©W.Feng, 2011201
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“Productivity = Performance + Programmability + Portability”

Least performance
Most programmable

Most portable

Most performance
Least programmable
Least portable

<€
( Directive 1 ( Auto- 1 ( Manually ) Manually
Parallel vectorized Vectorized Optimized
— 20x | - 1 75x | — | 83x
OpenMP Aué?lc?sw _ SIMD Optimiz. -
153 SLOC Intrinsics IntrinsIiCS
N-body 153 SLOC 235 SLOC 268 SLOC
problem P
| x | 60x Optin [,021x
__Serial N/A OpenACC CUDA CUBXW
151 SLOC \ I 167 SLOC I 247 SLOC 597 SLOG
A 12x] | 3 252x A 885x
OpenMP Aut(l)hrnnsuu | : SI MD O.ptl.m|.Lcu
153 SLOC intrinsics intrinsics
153 SLOC 234 SLOC 263 SLOC
e —_— —_ ) Y~
Legend: | Sandy Bridge CPU K20 GPU Knight's Corner
IM\/iroini ©W. Feng, 2011-2015 SyYNeRG?
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“Productivity = Performance + Programmability + Portability”

Least performance

Most programmable

Most portable

Most performance
Least programmable
Least portable

<
4 N\ 4 N\ e ( )\
Directive Auto- Manually Manually
Parallel vectorized Vectorized Optimized
0 enMPZOX [Autome../2X SIMD I Optimiz.J 83
153 8LOC SIMD in*inninn “rinsics
N-body 153 SLOC 23 3 SLOC)
problem /’ —
| x | 60x Tl i [,021x
__Serial __ N/A OpenACC automate UBTAW
151 SLOC 167 SLOC 24 :
L L7 7SLOC
OpenMP | 2x | Automauzuszx [ s Uptl_ml_l.c8us ==
] 52 SLOC SIMD intrinsics intrinsics
153 SLOC 234 SLOC SLC
M—— N —
Legend: | Sandy Bridge CPU K20 GPU Knight's Corner
@VirginiaTech Example: Stanford has &\1y000;000 CiiDA SLOC that they SgNeRQ
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Paying For Performance

e “The free lunch is over.” 1

— Programmers can no longer expect substantial increases in single-
threaded performance.

— The burden falls on developers to exploit parallel hardware for
performance gains.

* How do we lower the cost of concurrency?

T H.Sutter,“The Free Lunch Is Over:A Fundamental Turn Toward Concurrency in Software,’
Dr. Dobb’s Journal, 30(3), March 2005. (Updated August 2009.)

@ VirginjaTech ©W.Feng, 2011-2015 SgNeRQ
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The Berkeley View *

* Traditional Approach

— Applications that target existing
hardware and programming
models

* Berkeley Approach

— Hardware design that keeps
future applications in mind

— Basis for future applications!?
| 3 computational dwarfs

A computational dwarf is a pattern of
communication & computation that is
common across a set of applications.

/Sparse Linear Dense

Algebra

Spectral
Methods

»';' ~.
Monte Carlo =2
MapReduce

N-Body
Methods

and

Combinational Logic
Graph Traversal

Graphical Models
Finite State Machine

-

Algebra

Dynamic Programming
Backtrack & Branch+Bound

Linear \

Structured
Grids

Unstructured
Grids

/

T Asanovic, K., et al. The Landscape of Parallel Computing Research: A View from Berkeley.
Tech. Rep. UCB/EECS-2006-183, University of California, Berkeley, Dec. 2006.

T VirginiaTech

Invent the Future
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Example of a Computational Dwarf: N-Body

* Computational Dwarf: Pattern of computation & communication
... that is common across a set of applications

* N-body problems are studied in

— Cosmology, particle physics, biology, and engineering
e All have similar structures
* An N-body benchmark can

provide meaningful insight
to people in all these fields

* Optimizations may be
’ RoadRunner Universe: GEM:
generally applicable as well Astrophysics  Molecular Modeling

@ VirginiaTech ©W. Feng, 2011-2015 SgNeRQ
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First Instantiation: OpenDwarfs
(formerly “OpenCL and the |3 Dwarfs”)

e Goal

— Provide common algorithmic methods, i.e., dwarfs, in a language that is
“write once, run anywhere” (CPU, GPU, or even FPGA), i.e., OpenCL

i : e TG IR

VIRTEX -6 [ N
~

XC6VLX240T" S mon 5 oz

FF1156ABC0842

* Part of a larger umbrella project (2008-2018), funded by the
NSF Center for High-Performance Reconfigurable Computing (CHREC) @ y

AMD 1 _l;l'\RR'S” & XILINX

CHREQC o

NSF Center for High-Performance

Reconfigurable Computing Alm

» Los Alamos

NATIONAL LABORATORY

@ VirginiaTech ©W. Feng, 2011-2015 SgNeRG
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Experimental Setup: Hardware

Intel Many Integrated
Core (MIC) Co-processor:
Intel Xeon Phi P1750

Multicore CPU:
AMD Opteron 6272

Accelerated Processing Units (APUs):

a) AMD Llano A8-3850

Multicore CPU:AMD Llano A8-3850
{ Integrated GPU (iGPU): AMD Radeon HD

6550D

(Llano)
Q Multicore CPU:AMD Llano A10-5800K
g1 LR (OB {lntegrated GPU (iGPU): AMD Radeon HD

(Trinity)

7660D

=4, Field Programmable
7 Gate Array (FPGA):

Xilinx Virtex-6 LX760, | GB

DRAM, PCIx connectivity

GPU (discrete):
AMD Radeon HD 7970

K. Krommydas,WV. Feng, ... “On the Characterization of OpenCL Dwarfs on Q
mV]IglnlaTech Fixed and Reconfigurable Platforms,” 25th IEEE Int’l Conf. on Application-specific SgNeRQ

Invent the Future Systems,Architectures and Processors (ASAP), June 2014. Best Paper Finalist synergy.cs.vt.edu



Experimental Setup: Software

Benchmarks Profiling tools

OpenDwarfs AMD CPU/GPU/APU:
- GEM (N-body methods) AMDZ1

- NW (Dynamic programming) CDDEXL

- SRAD (Structured grids)
AMD CodeXL 1.3
- BFS (Graph traversal) oce

Host systems

AMD CPU/GPU/APU: 64-bit Debian AV Bine

Intel Xeon Phi:

Linux 7.0 (Kernel 2.6.37), AMD APP SDK Amplifier
2.8,AMD Catalyst 13.1 R
Intel Xeon Phi: CentOS 6.3, Intel

Intel Vtune
OpenCL SDK XE 2013
pen Amplifier XE 2013
FPGA: Ubuntu 12.04, Xilinx ISE 12.4
K. Krommydas,W. Feng, ... “On the Characterization of OpenCL Dwarfs on

@Virginia’rech Fixed and Reconfigurable Platforms,” 25th IEEE Int’| Conf. on Application-specific SgNeRQ

Invent the Future Systems,Architectures and Processors (ASAP), June 2014. Best Paper Finalist synergy.cs.vt.edu
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* K. Krommydas, W. Feng, M. Owaida, C. Antonopoulos, N. Bellas,“On the Characterization of OpenCL
Dwarfs on Fixed and Reconfigurable Platforms, 25th IEEE Int’| Conf. on Application-specific Systems,
Architectures and Processors (ASAP), June 2014. Best Paper Finalist
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Performance & Power Modeling

* Goals
— Robust framework
— Very high accuracy (Target: < 5% prediction error)
— ldentification of portable predictors for performance and power

— Multi-dimensional characterization
= Performance = sequential, intra-node parallel, inter-node parallel
» Power = component level, node level, cluster level

@ VirginiaTech ©W.Feng, 2011-2015 SgNeRQ
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Problem Formulation:

LP-Based Energy-Optimal DVFS Schedule

e Definitions
— A DVFS system exports n { (f, P;) } settings.

— T, : total execution time of a program running at setting i

* Given a program with deadline D, find a DVS schedule (t,* ...,
t,*) such that

— If the program is executed for t; seconds at setting i, the total energy usage E is
minimized, the deadline D is met, and the required work is completed.

min F/ = Zz PfL . ti
subject to

Zz’tiSD
> iti/Ti =1

ti >0

@ VirginjaTech ©W. Feng,2011-2015 SgNeRQ
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Single-Coefficient f Performance Model

e QOur Formulation

— Define the relative performance slowdown 0 as

T(f) 1 T(fwax) — |

— Re-formulate two-coefficient model
as a single-coefficient model: V) B fmas + (1 - 7)
with
ﬁ _ chu

chu + Tmem : fmaa:

— The coefficient  is computed at run-time using a regression method on the
past MIPS rates reported from the built-in PMU.

Z(M o 1)(miPS(fmam) L 1) C. Hsu and W. Feng.
AL mipsS(fi) “A Power-Aware Run-Time
Z(M _ 1)2 System for High-Performance
A § Computing,” SC/05, Nov. 2005.

@ VirginiaTech ©W. Feng, 2011-2015 SgNeRQ
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p — Adaptation on NAS Parallel Benchmarks

LOS ALAMOS NATIONAL LABORATORY
NAS/NPB3.2-MPI, C.16 ENERGYFIT
. ’ .
COOL FAST RELIABLE COMPUTING

1 Slowdown B Savings

30% -

20% -

- V—I J

0% m o
BT CG EP FT IS LU MG SP

C. Hsu and W. Feng. Er\e,rf)\j v eduction (\5 7o) )\
“A Power-Aware Run-Time System P erformance improvement
for High-Performance Computing,’ P
SC|05, Nov. 2005.

% VirginiaTech ©W. Feng, 2011-2015 SgNeRQ
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Need for Better Performance & Power Modeling

BT Class A CGClass A
450 25000 16 700
400 T 14+ + 600
350 + -20000 2| & 451 _
| g 2 + 500 &
300 = 10 + 3
250 [ 15000 g § oyl 400 8
9 200 L 10000 ? e 6l 4300 2
E 41 + 200 g
= w
24 1+ 100
0 L0
= (1) (12 21) (22) 31) (32) 41) (42) (L) (12 21) (22 (31) 32 41) (42)
—o—Energy Configuration (CPUs, Thr/CPU) —&—Enorgy Configuration (CPUs, Thr/CPU)
FT Class A IS Class A
35 3000 1400
_. 30 - 2500 __ T 1200 _
o0 1)
B 251 000 g 11000 @
§ 20 - - 800 3
é 10 000 2 400 2
5 - 500 - 200
- 0 - 0
=) (12 @21) (22) B1) B2 @41) @2) =) (12 1) (22 B1) @2 1) (42)
—e—Enorgy Configuration (CPUs, Thr/CPU) = Eory Configuration (CPUs, Thr/CPU)

Source:Virginia Tech
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Search for Reliable Predictors

* Re-visit performance counters used for prediction
— Applicability of performance counters across generations of
architecture
* Performance counters monitored

— NPB and PARSEC benchmarks
— Platform: Intel Xeon E5645 CPU (Westmere-EP)

Context switches (CS) Instruction issued (l1S)

L3 data cache misses (L3 DCM) L2 data cache misses (L2 DCM)

L2 instruction cache misses (L2 ICM) | Instruction completed (TOTINYS)

Outstanding bus request cycles Instruction queue write cycles
(OutReq) (InsQW)
@ VirginjaTech ©W.Feng, 2011-2015 SgNeRG
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Pearson Correlation For Performance (Execution Time) and Performance Event
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* B. Subramaniam and W. Feng, “Towards Energy-Proportional Computing for Enterprise-Class Server
Workloads,” 3rd ACM/SPEC Int’l Conf. on Performance Engineering, April 2013. Best Paper Award
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What is Heterogeneous Task Scheduling?

* Automatically spreading tasks across heterogeneous compute
resources

— CPUs, GPUs, APUs, FPGAs, DSPs, and so on
* Specify tasks at a higher level (currently OpenMP extensions)
* Run them across available resources automatically

Goal

* A run-time system that intelligently uses what is available
resource-wise and optimize for performance portability

— Each user should not have to implement this for themselves!

@ VirginiaTech SyNeRG?
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OpenMP Accelerator Behavior

>
>
>

>
Original/Master thread =~ Worker threads  Parallel region  Accelerated region

#pragma omp acc_region ...

o o . | \
Implicit barrier

#pragma omp parallel \

Kernels

@ VirginiaTech ©W. Feng, 2011-2015 SgNeRG
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DESIRED OpenMP Accelerator Behavior

>

>
>
>

Original/Master thread =~ Worker threads  Parallel region  Accelerated region

#pragma omp parallel num_th

@ VirginiaTech

Invent the Future

reads(2)

#pragma omp acc_region ...

#pragma omp parallel ...

©W.Feng,2011-2015
Los Alamos National Laboratory

SyNeRG?
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Work-share a Region Across the Whole System

#pragma omp acc region ...

—> OR
#pragma omp parallell
>
>
> >
Original/Master thread =~ Worker threads  Parallel region  Accelerated region
@ VirginiaTech ©W. Feng, 2011-2015 SgNeRG
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Heterogeneous Task Scheduling

L CPU GPU
Application directives directives
/
Heterogeneous
Task Scheduler
OpenMP Y N\
CPU GPU
Scheduler Scheduler
Y 4
Hardware CPU GPU

@ VirginiaTech ©W.Feng, 2011-2015 SgNeRQ
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How to Heterogeneous Task Schedule (HTY)

* Accelerated OpenMP can offer heterogeneous task scheduling
with
— Programmability
— Functional portability, given underlying compilers
— Performance portability
* How!
— A simple extension to Accelerated OpenMP syntax for programmability

— Automatically dividing parallel tasks across arbitrary heterogeneous
compute resources for functional portability
= CPUs
= GPUs
= APUs

— Intelligent runtime task scheduling for performance portability

@ VirginiaTech ©W.Feng, 2011-2015 SgNeRQ
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Programmability:
Code Transformation

e Manual
Add 20 lines

Must manually split problem and reassem

e Automatic
Add | clause

Splitting and assembly are automatic

splitter * s = split_init(no, SPLIT_DYNAMIC, NULL,
int *m_c = (int*)malloc(sizeof (int)#*no);
for(int d_it=0; d_it < s->d_end; d_it++)
{
s = split_next(no, d_it);

#pragma omp parallel num_threads(2)
{
if (omp_get_thread_num()>0)
{//CPU OpenMP code
split_cpu_start(s);
#pragm13fm parallel shared(fo fe,m_c,s)

firstprivate(no,ncl,nco) private(i)

split_cpu_end(s);

}Yelse{//GPU OpenMP code
split_gpu_start(s);
int gts = s->gts, gte = s->gte;

#pragma omp acc_region_loop private (i) \
firstprivate(nco,no,ncl) default(none) \
acc_copyin(fc[0:ncl*nco]) present(fo) \

acc_copyout (m[0:no])
/7 hetero (1, dynamic
for (i=0; i<mo; 1++

m[i] = findc(no,ncl,nco,fo,fc,i);

}

}

Our Proposed Extension

T VirginiaTech
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split_gpu_end(s);

¥
}
memcpy(m+s—>d_ccs,m_c+s—>d_ccs,
(s->d_cce-s->d_ccs)*sizeof (int));
free(m_c);

#pragma omp acc_region_loop private (i) \
firstprivate(nco,no,ncl,gts, gte)\
acc_copyin(fc[0:ncl*ncol) \
acc_copyout (m[0:no]) \
present (fo) default (none)

for (i=gts; i<gte; i++) {
m[i] = findc(no,ncl,nco,fo,fc,i);

NULL) ;

\

e r@w Suds (omp_get_thread_limit()-1) \

{
#pragma omp for
for (i=s->cts; i<s->cte; i++) {
m_c[i] = findc(no,ncl,nco,fo,fc,i);
}
}

Manual
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CoreTSAR: Scheduling and Load-Balancing by Adaptation

* Measure computational suitability at runtime

* Compute new distribution of work through a linear
optimization approach

* Re-distribute work before each pass

n—1
. : mm(ztj +1t;) (7)
I = total iterations available j=1
1; = iterations for compute unit j n
y N . dofi=1 (8)
f;j = fraction of iterations for compute unit j e
p;j = recent time/iteration for compute unit j foxpa — f1 xp1 = t1|— —t7 (9)
n = number of compute devices Faxps — f1%p1 = t;— —t5 (10)
tj (or tj_) = time over (or under) equal
fn*pn_fl*plzt;t_l—t;_l (11)
@ VirginjaTech ©W. Feng, 2011-2015 SgNeRQ
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Heterogeneous Scheduling: Issues and Solutions

* Issue: Launching overhead is high on GPUs
— Using a work queue, many GPU kernels may need to be run

* Solution: Schedule only at the beginning of a region

— The overhead is only paid once or a small number of times

Issue: Without a work queue, how do we balance load!?

— The performance of each device must be predicted

* Solution: Allocate different amounts of work

— For the first pass, predict a reasonable initial division of work. We use
a ratio between the number of CPU and GPU cores for this.

— For subsequent passes, use the performance of previous passes to
predict following passes.

@ VirginjaTech ©W.Feng, 2011-2015 SgNeRG
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Benchmarks

* NAS CG — Many passes (1,800 for C class)

— The Conjugate Gradient benchmark from the NAS Parallel
Benchmarks

* GEM - One pass

— Molecular Modeling, computes the electrostatic potential along the
surface of a macromolecule

* K-Means — Few passes

— lterative clustering of points

* Helmholtz — Few passes, GPU unsuitable

— Jacobi iterative method implementing the Helmholtz equation

@ VirginjaTech ©W.Feng, 2011-2015 SgNeRQ
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Experimental Setup

* System
— 12-core AMD Opteron 6174 CPU
— NVIDIA Tesla C2050 GPU
— Linux 2.6.27.19

— CCE compiler with OpenMP accelerator extensions

* Procedures
— All parameters default, unless otherwise specified

— Results represent five or more runs

@ VirginiaTech ©W.Feng, 2011-2015 SgNeRQ
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CoreTSAR Results Across Schedulers

Scheduler
- CPU - GPU Static Dynamic Split m Quick
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Productivity = Performance + Programmability + Portability

Roadmap

Design & Compile Time \
Source-to-Source

Translation &

Computational &

Communication Optimization
Patterns: 13 Dwarfs Framework Architecture-Aware

Optimizations

Run Time

Performance &
Power Models

Affinity Cost Task Scheduling
Models System

IEEE IPDPS ’| 2 j
ISC’14
IEEETPDC ’14
_/
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Design & Compile Time

e \
\\"\U'a‘Nod So:rco-:o;Sou;ce
Computational & ransiation

ommunication Optimization
AnI\ECOSyStem fo r Pa(:terns: 1:! Dtvlvarfs F‘:'amowork ' Architecture-Aware
Heterogeneous

Optimizations

Run Time 2
Parallel Computing —— Task Scheduling Performance &
Models / System /

Much work still to be done.

* OpenCL and the |13 Dwarfs Beta release pending
* Source-to-Source Translation CU2CL only & no optimization
* Architecture-Aware Optimization Only manual optimizations
* Performance & Power Modeling Preliminary & pre-multicore
» Affinity-Based Cost Modeling Empirical results; modeling in progress
* Heterogeneous Task Scheduling Preliminary with OpenMP
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Intra-Node

An Ecosystem for Heterogeneous
A

Parallel Computing

Applications

Sequence

Molecular
Dynamics

Earthquake
Modeling

Neuro-
informatics

Avionic
Composites

Software
Ecosystem

Computational &
Communication

Models

Source-to-Source
Translation &
Optimization

IAON YLiiGuUuiiy

System

m Heterogeneous Parallel Computing (HPC) Platform
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Programming CPU-GPU Clusters (e.g., MPI+CUDA)

GPU
device
memory

GPU
device
memory

N CPU
main [€
memory

etwoxk CPU
>  main

memory

Rank=0 Rank = |
if(rank == 0) if(rank == 1)
{ {
cudaMemcpy (host_buf, dev_buf, D2H) MPI_Recv(host_buf, .. ..)
MPI_Send(Chost_buf, .. ..) cudaMemcpy (dev_buf, host_buf, H2D)
} }
@ VirginjaTech ©W.Feng,2011-2015 SgNeRQ
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Goal of Programming CPU-GPU Clusters (MPI + Any Acc)

(0
IEEE HPCC 12

&Pt ACM HPDC ‘I3 GPU
device ) device
memory ~ memory

N A /;7
e
% Co
N 7

N CPU
main
memory

CPU J
main
memory

etwokk

Rank =0 Rank = |
if(rank == 0) if(rank == 1)
{ {
MPI_Send(any_buf, .. ..); MPI_Recv(any_buf, .. ..);
} }
M VireiniaTech ©W. Feng, 2011-2015 SyYNeRG?
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“Virtualizing” GPUs ...

Compute Node

OpenCL
Native OpenCL Library

{

Compute Node

Application

Compute Node

Application

QpenCL API Physical

OdpenCL API VOCL Library GPU
Native OpencL Librany]| | G o
) . Virtual GPU:: Virtual GPU:

: Compute Node
Physical ; m
GPU

OpenCL

Traditional Model
Native OpenCL Library
Physical
Our Model GPU
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T

HOKIESPEED

Heterogeneous HPC @ VT

HOKIESPEED

— CPU+GPU (i.e., “left brain”+”right brain”)
heterogeneous supercomputer
with large-scale visualization wall

— Peak Performance
= 455 trillion floating-point operations / second

— Debuted as the
commodity supercomputer -
in the U.S.in Nov. 201 | 500

|
HokieSpeed VizWall |
ight 46” 3D HDTVSs

THE

— Cost: ~ $IM (vs. $1250M for K Computer)
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Conclusion

* An ecosystem for heterogeneous parallel computing

Highest-ranked commodity supercomputer
in U.S. on the Green500 (11/11)

— Enabling software that tunes parameters of hardware devices
... with respect to performance, programmability, and portability
... via a benchmark suite of dwarfs (i.e., motifs) and mini-apps
CHREC

NSF Center for High-Performance
Reconfigurable Computing
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Microsoft Cloud Commercial:

Data-Intensive Biocomputing in the Cloud
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Microsoft Cloud Infomercial:

Data-Intensive Biocomputing in the Cloud

What can you do?
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Wu Feng, wfeng@vt.edu, 540-231-1192

i I

HFCHREG
s quRQ _{IHI NSF Center for High-Performance

T Y Reconfigurable Computing
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